Streptomyces griseus var. alcalophilus was selected because it secreted a unique protease (protease I) that catalyzed the transfer reaction forming the hydroxamic acids of various amino acids. Protease I was purified to the electrophoretically homogeneous state and an activity of more than 125-fold that of the culture broth. The molecular weight of the enzymewas estimated to be 25,000 by gel filtration. The enzymewas most active in neutral pHfor the transfer reaction forming phenylalanine hydroxamic acid, although for the hydrolytic reaction with casein as substrate it was most active in alkaline pH. The enzyme was inhibited by diisopropylfluorophosphate.
tions, the reaction can be reversed by choosing appropriate conditions so that peptide bonds can be synthesized with a protease as catalyst.
Since Bergmann and colleagues reported enzymatic peptide synthesis,1>2) many papers have reported the potential of proteases as catalysts for peptide synthesis.3~~8) However, proteases used for peptide synthesis are enzymes obtained mainly from animals and plants, and the synthetic reaction is strongly dependent on the substrate specificities of the proteases used. Therefore, to synthesize various peptides, it is useful to obtain proteases that strongly catalyze the transfer reaction with a broad donor (or acceptor) specificity.
Wescreened for an enzyme effectively catalyzing the transfer reaction of amino acids from various commercial enzymes. An enzyme (protease I) having a strong transfer activity 307 was found in the crude enzymeprepared from Streptomyces griseus var. alcalophilus.
Protease I catalyzed the transfer reaction forming hydroxamic acids of various amino acids from mixtures of amino acid esters and hydroxylamine. This study deals with the purification and some properties ofprotease I having transfer action from S. griseus var. alcalophilus.
Materials and Methods
Materials. Synthetic peptides and esters of various amino acids (or peptides) were purchased from the Peptide Institute, Inc. Osaka, Sigma Chemical Company, and Bachem Feinchemikalien AG. Monoiodo acetic acid, pchloromercuribenzoate, and dithiothreitol were purchased from Nacalai Tesque, Inc. All other inhibitors were obtained from Sigma Chemical Company. All other chemicals used were of reagent grade.
Screening of an enzyme having transfer action. Enzymes having transfer action were screened from crude prep- Assay of proteolytic activity. The proteolytic activity (PA) was assayed by the method ofYamamoto et al.10A1) A half milliliter of enzyme solution was added to 3.0ml of 0.6% casein in 10mM borate buffer (pH ll.0). After 10min of incubation at 30°C, the reaction was stopped by the addition of TCAmixture solution (3.2ml) containing 0.1 1 m TCA, 0.22m sodium acetate, and 0.33 Macetic acid. The absorbance of the filtrate was measured at 275nm using a Shimadzu UV-210Aspectrophotometer. One unit is defined as the amount of enzyme that released 1 /rniol of tyrosine equivalent per min from the substrate.
Assay of the hydrolytic activity of the enzyme against various peptides and amino acid esters. The reaction system for identification is almost the sameas one of Yamamoto et al.10) The mixture of the enzymeand each subs'trate was incubated in 0.05 m borate buffer (pH 10.0). The hydrolytic products were identified by thin layer chromatography (TLC). The chromatography was done with TLC plates silica gel 60 (Kieselgel 60) purchased from Merck Japan Ltd., by the ascending method, using phenol and water (3 : 1) as the solvent system. For measurements, 0.5ml of the enzymesolution was added to 0.5 ml ofpeptide solution in 0.05 M borate buffer (pH 10.0) containing 10% dimethyl sulfoxide.
After an appropriate time of incubation at 40°C, the amino groups liberated in the reaction mixture were measured by the method of Yemmand Cocking.12) The hydrolytic activity of the enzymeagainst amino acid esters was assayed by the method of Roberts.13) A half milliliter of enzyme solution was added 0.5 ml of various amino acid esters in 0.1 m phosphate buffer (pH 7). After an appropriate time of incubation at 40°C, 0.6ml of 1 m alkaline hydroxylamine was added to 0. 1 ml of the reaction mixture. After 20-30min, 0.4ml each of 4n HC1, 18% TCA, and 10% FeCl3-6H2O were added to the above solution. The amounts of ester remained were measured by the colorimetric method based on the formation of a ferric complex from the hydroxamic acid resulting in the reaction of an ester with alkaline hydroxylamine. The hydrolytic activity of the enzymeagainst amides of peptides was assayed by measurement of the amountsof ammonia liberated, by the method of Snell and Snell.14) Measurement of protein. Protein was measured spectrophotometrically by the absorbance at 280nm using a Shimadzu UV-210Aspectrophotometer. In the purified enzymesolution, the molar concentration of the enzyme was measured by using an absorbance at 280nmfor 1% solution in a 1-cm cell (E\°£o) of 10.3 and a molecular weight of 25,000.
Polyaerylamide gel electrophoresis. Disc electrophoresis was done by the methods of Davis15) and Nagai16) in a column of 5% polyacrylamide gel with a pH 4.0 buffer system. Electrophoresis was done at a current of 3 mAper column.
Sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis was done by the method of Weber and Osborn.17) Electrophoresis was done at a current of 5 mA pergel.
Isoelectricfocusing. Isoelectric focusing was done by the method of Matsuo18) in a 110-cm column using carrier ampholites, (pH 3-10, LKB Product AB, Sweden) for 48hr at 300V and 4°C.
Results and Discussion Screening of enzymes having transfer action In the screening, transfer activities (TA) and proteolytic activities (PA) of the enzymes were measured. As shown in Table I , we found an enzyme having the largest ratio of TA to PA in the preparation of crude enzyme prepared from S. griseus var. alcalophilus. This is the strain that was screened as a microorganism secreting an alkalophilic proteinase by T. Yamamoto et al.10A1) Therefore, to purify this enzyme, S. griseus var. alcalophilus was cultivated.
Cultivation and purification S. griseus var. alcalophilus, donated by Dr. T. Yamamotowas first cultivated with shaking in a medium (70ml) containing 2% potato starch, 1% milk casein, 0.5% corn steep liquor, 0.3% K2HPO4, 0.05% MgSO4à"7H2O, and 2% Na2CO3 at 30°C for 3 days. The same Step 2. SP-Sephadex C-50 column chromatography (First). The dialyzed solution was put on a SP-Sephadex C-50 column (4.4 x 51 cm), which had been equilibrated with 0.05m acetate buffer (pH 6.0) containing 2mMcalcium acetate. The column was washed sufficiently with the same buffer and the proteases were eluted by a linear gradient of ionic strength from 0 to 0.7m NaCl (Fig. 1) . The fractions (I) from number 133 to 165 were combined and dialyzed against 0.05 m acetate buffer (pH 6.0) containing 2mMcalcium acetate and 0.1 m NaCl. It was found that fraction I had a strong transfer activity for forming phenylalanine hydroxamic acid (Phe-NHOH), but showed a weak hydrolysis of milk casein. This enzyme was tentatively named "protease I." On the other hand, it was also observed that about 50%of the enzymes that had transfer activity forming Phe-NHOH were not adsorbed on SP-Sephadex C-50 under these conditions. Details will be reported in the 3.6 0.062 52 0.012 a The transfer activity (TA) was measured as described in Materials and Methods. b The proteolytic activity (PA) was measured at pH 7.2 and 30°C, using milk casein as substrate.
Enzyme manufacturer : 1, 5, Toyobo; 2, Kyowa Hakko; 3, Kaken Pharmaceuticals; 4, 8, Daiwa Chemicals; 6, 7, ll, Hankyu Kyoei Bussan; 9, Nagase Biochemical; 10, Amano Pharmaceuticals; 12, 13, 14, Sigma Chemical. medium, freshly autoclaved, was inoculated with 1 ml of the first culture solution (absorbance at 660nm, 9.3) and then, the culture was continued at 30°C for 5 days. After centrifugation, the supernatant wasused as the starting material for purification.
Step 1. Ammoniumsulfatefractionation. The pHof the supernatant was adjusted to pH 7 by careful addition of acetic acid. To this future.
Step 3. Sephadex G-75 gel filtration. The dialyzed solution was concentrated by dialysis against polyethylene glycol (# 20,000). The concentrated solution (10ml) was put on a Sephadex G-75 column (3.2 x 144cm) that had been equilibrated with 0.05m acetate buffer (pH 6.0) containing 2mMcalcium acetate and 0.1m NaCl. Elution was done with the same buffer, and the active fractions were combined.
Step 4. SP-Sephadex C-50 column chromatography (Second). To remove NaCl, the active fractions were sufficiently dialyzed against 0. Elution was done with a linear gradient of NaCl at a flow rate of 90ml/hr. Fractions of 10ml were collected. #, transfer activity; O, proteolytic activity; , absorbance at 280nm; --, concentration of sodium chloride. the same buffer and protease I was eluted by a linear gradient of ionic strength from 0 to 0.5 m Nad The active fractions were combined and used as the purified enzyme preparation. This preparation was purified about 125-fold from the culture broth and the specific activity of transfer action was 4.0units/Abs. at 280nm. This purified enzyme was used in the following experiments. The results of the purification procedures are summarized in Effects of pH and temperature on stability and activity Protease I was stable from pH 5.0 to 10.0 at 40°C for 1 hr, as shown in Fig. 2 . Using casein as substrate, the optimum pH for the proteolytic reaction was 1 1.0, which is distinct from that of alkalophilic proteinase (Opt. pH at The transfer activity (#, TA) and proteolytic activity (A, PA) of the enzyme were assayed at the indicated pH. The stability (O) of the enzyme was measured by assaying the residual activities (TA and PA) after incubation at the indicated pH and 40°C for 1 hr. 
or higher

Effects of various chemicals
In the study of the effects of inhibitors and metal ions, 1ml of 1.06x 10"5m enzyme solution was incubated with 1 ml of each inhibitor at 30°C for 15min, and with each metal ion at 40°C for 30min in 0.05m acetate buffer (pH 6.0). Then enzyme activity was measured as described in Materials and Methods. As shown in Table III , protease I was markedly inhibited by DFP, which is a typical inhibitor of serine proteinases. However, the enzyme was not inhibited by reagents that attack sulfhydryl residues ofproteins such as MIA, PCMB,and Af-ethylmaleimide. And the chelators and the inhibitors of aspartic proteinase such as DAN and EPNPdid not cause inhibition. From these results, it is considered that protease I is a serine proteinase. Most of metal ions had no effect on this enzyme, although Hg2+ inhibited the enzyme activity by about 20%.
Hydrolysis ofpeptides and amino acid esters by protease I
To examine the substrate specificity in the hydrolytic reaction, the enzyme was incubated with each substrate at the indicated concentration. The results indicate that protease I strongly hydrolyzed poly-Lys, Leu-Leu-Leu, and Phe-OEt, and weakly the peptides (or amino acid esters) containing acidic amino acids such as poly-Glu, Cbz-Glu-Tyr, Asp-diOBzl, and Glu-di-OEt, as shown in Table IV and V. Besides, the enzyme hydrolyzed the peptides (or amino acid esters) containing small aliphatic amino acids such as Gly, Ala, and Ser. However, it was not active on peptides containing D-amino acids or y-Glu or on various N-and C-unprotected dipeptides.
From this study, it can be considered that protease I is an enzymehaving broad substrate specificity, although the affinity for amino acids such as Phe, Leu, Lys. Glu, Ala, and Gly may be different.
Interestingly, protease I hydrolyzed Phe-OEt,
Gly-Gly-Phe, Cbz-Ala-Leu-NH2, Cbz-ProLeu-NH2, and Cbz-Gly-Leu-NH2, although the alkalophilic proteinase10) was not active The hydrolytic products were identified by thin layer chromatography. and Gly, although the rates for each transfer reaction were different. However, it was not active on Glu-y-OMeand Ac-Pro-OMe. From the above results, it was found that protease I had a broad donor specificity in the transfer reaction synthesizing hydroxamic acid.
There are several proteases that catalyze transpeptidation reactions,21~23) for example, a-chymotrypsin, trypsin, papain, and cathepsin C. However, it is actually difficult to synthesize various peptides by a single protease, because the proteases so far reported have narrow substrate specificities. This study shows that protease I from S. griseus var. alcalophilus is a unique enzyme having broad donor specificity in transfer reactions and forming various hydroxamic acids from esters and hydroxylamine, and that is distinct from the alkalophilic proteinase reported previously.10) It also suggests the utility of this enzyme for the synthesis of various peptides. At present we are investigating the acceptor specificity of protease I.
